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Opportunities
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ABSTRACT: Plastic pollution is a persistent challenge worldwide Plastic
with the first reports evidencing its impact on the living and wasto
* Greener alternatives

- ; 3 Syntheti
nonliving components of the environment dating back more than ] L
Main sources * Plastic education

half a century. The rising concerns regarding the immediate and of plastic
long-term consequences of plastic matter entrainment into foods coatings pollution in
and water cannot be overemphasized in light of our pursuit of athe
sustainability (in terms of food, water, environment, and our Cosmetic e
health). Hence, some schools of thought recommend the WIS

revisitation and continuous assessment of the plastic economy,

while some call for the outright ban of plastic materials, demonstrating that plastic pollution requires, more than ever, renewed,
innovative, and effective approaches for a holistic solution. In this paper, dozens of reports on various aspects of plastic pollution
assessment are collated and reviewed, and the impact of plastic pollution on both the living and nonliving components of the
environment is discussed. Current challenges and factors hindering efforts to mitigate plastic pollution are identified to inform the
presented recommendations while underscoring, for policymakers, stakeholders, and the scientific community, the exigency of

finding sustainable solutions to plastic pollution that not only encompass existing challenges but also future threats presented by
plastic pollution.
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Future prospects

Posterity inherits a
L, sustainable earth

1. POLLUTION—AN OVERVIEW as a result of unnatural disturbances (i.e., the agitation or
excitation of the state of matter or a system), causing the
transformation or transmutation of substances (i.e, matter)
from one form to another (which may be reversible or
irreversible); accordingly, pollution has the potential to change
the dynamics of matter and environments, which consequen-
tially impacts the natural characteristics of living and nonliving
components.”'? Notwithstanding, we hold that matter or
energy entering an environment cannot be considered
pollution (or a pollutant) if the effect of such intrusion or
disturbance on the environment or system is not negative, i.e.,
is (i) neutral or (ii) positive. Hence, we posit that meeting
these conditions should be the basis for considering such
matter or energy as “green” or “eco-friendly”. For example,
sunlight is considered friendly to green vegetation but
unfriendly to plastic materials; in the former, it is vital for
photosynthesis, and in the latter, it is known to promote

Pollution is a global phenomenon, a persistent challenge that is
transnational (i.e., borderless) in nature, transinstitutional in
purview, and transdisciplinary in solution scope.' ™ As
indicated in Figure 1, pollution can arise naturally, for example,
by saltwater intrusion into freshwater resources and volcanic
eruptions that release dangerous gases, or it can be manmade, a
result of anthropogenic activities such as the exploitation of the
environment and its resources and the introduction of matter
or energy into the environment that are not natural to it ¢
Substances or energies (e.g, material entropy) that are
introduced into the environment through anthropogenic
activities can upset and compromise the natural balance of
the earth’s intricate and inter-related systems, causing a
“domino effect”.””” Pollution can also be considered as (an)
unnatural disturbance(s) arising from the intrusion of energy
or matter into the environment, which may result in the

interruption (i.e., modification) or degradation of the natural photodegradation.

state of a system or environment, thereby increasing the risk of

the system or environment deviating from its initial state (i.e., Received: May 26, 2021
original conditions and functions). For example, the water Accepted:  July 9, 2021

present in commercial petroleum products (e.g., gasoline) can Published: July 23, 2021

be considered a pollutant because it affects the original
conditions and functions of these products in motor engines.
Hence, it can be inferred that chemical reactions usually occur
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Figure 1. Common sources of pollution.
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Pollution has detrimental consequences, which cannot be
overstated in light of current environmental challenges. For
example, it has been reported that a slight deterioration in air
quality, owing to pollution, significantly impairs the natural
behavior of bees, interrupting their critical roles in the
ecosystem and thereby threatening food security.'" Elsewhere,
it has been found that a strong correlation exists between
congenital anomalies and community exposure to chemicals
associated with environmental contaminants.'> A recent study
has shown that the deterioration in the quality of milk in
breastfeeding mothers can be traced to environmental
pollution; it further contends that pollutants, such as
polychlorinated biphenyls (PCBs), entering the human body
have the potential to disrupt and alter the natural balance of a
mother’s milk with health consequences for breastfeeding
infants that can range from allergies and endocrine disorders to
impaired neurodevelopment."> To place the existential threat
of pollution in context, a global health assessment has
established that more than 20% of global deaths can be traced
to pollution-related health complications.'* Pollution impacts
almost every aspect of our existence and the living and
nonliving components of the environment. For example,
satellite data spanning three decades evidence the devastating
impact of global warming (a result of environmental
pollution), which has shrunk Greenland’s ice sheets to almost
nothing, thus contributing to rising global sea levels."

Plastic pollution is a pressing global challenge owing to the
pervasive, near-unmanageable threat it poses to living and
nonliving systems and the environmental stress it causes.”'”
Herein, we define plastic pollution (encompassing macro-,
micro-, and nanoplastic debris) as the intrusion or invasion by
plastic materials (i.e., polymeric systems), either through direct
introduction or degradation processes, of environments (to
which they are not native) to negatively or undesirably impact
such environments. Similar to greenhouse gases, persistent
pollutants, and other environmental contaminants, plastic
pollution cannot be restricted by territorial boundaries or
legislation because it is able to migrate between water bodies,
disperse through air, and be transported to remote locations
through human intervention.'®™*°

The following criteria are considered conditions for
qualifying a pollutant as hazardous to the environment:® (i)
its biological impact even at minute concentrations is

significant (noticeable and observable); (ii) it easily diffuses
into the atmosphere, is soluble in water, and has an affinity for
accumulating in environments; (iii) it tends to persist in a
given environment; (iv) it can impact a wide range of targets
(living and nonliving), especially those directly linked to
human health or important for environmental stability and
functions; (v) its degradation byproducts or their combination
with other environmental chemical compounds exhibit toxicity,
persist, and accumulate in a target or exceed the original levels
of the material; (vi) it is suitable for large-scale production and
its benefits are considered to outweigh the concomitant cost of
pollution. This perspective shows that plastic pollution satisfies
all of these criteria and, thus, is hazardous to both living and
nonliving systems in the environment.

A Google Scholar search using the search criteria “Plastic
Pollution” at 10-year intervals in the last seven decades reveals
that the number of publications on plastic pollution has
increased, as shown in Figure 2. Across the world, the issue of
plastic pollution has brought about a paradigm shift in
discourses on climate change and ocean and environmental
sustainability.””> In almost every country in the world,
multiple individuals and groups have become environmental

Increasing Number of Publications on
Plastic Pollution Over the Last 7
Decades
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Figure 2. Number of publications between 1952 and 2021 on plastic
pollution. The search engine was Google Scholar, while the keyword
for the search was Plastic Pollution.
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Table 1. Publications (i.e., Reviews and Perspectives) on Plastic Pollution

title year

New perspectives in plastic biodegradation 2011

highlights refs

oA significant hazard posed by plastic is its entrainment into food chains 30

eCertain organisms (e.g., extracellular laccase) are able to biodegrade
polyethylene

oThe biodegradation of plastic materials depends on potential biofilm formation

and cell surface hydrophobicity

eGovernments should prioritize safe waste disposal especially of plastic materials

Current research trends on plastic pollution and ecological 2018
impacts on the soil ecosystem: A review

eStudies on the impact of plastic pollution on soil ecosystems are limited 31

oPlastic debris distribution in soils can seriously impact soil ecosystems and

organisms

oIt is necessary to intensify research of plastic pollution and soil ecosystems and
organisms to mitigate detrimental consequences

A catchment-scale perspective of plastic pollution 2019

oThe smaller the particle size of plastics the higher their potential negative impact 32

on the environment

eKnowledge on the wider impact of infinitesimal plastic particles is limited

oPlastic pollution poses a serious threat to the natural environment

oIt is necessary to understand the interactions of plastic pollutants with organisms
in different ecosystems

Analysis and prevention of microplastic pollution in water: 2019
current perspectives and future directions

eRemedial strategies for microplastics in the environment should focus on 33
legislative control and awareness programs

eRemediation and clean-up initiatives of microplastics present in water should be
intensified

oThe wastewater treatment process should be improved to limit the release of
microplastics into open waters

oThe use of biodegradable plastics should be encouraged

Atmospheric microplastics: A review on current status and 2020
perspectives

oThe chemical composition of plastics is key to defining plastic pollution 34

e Atmospheric plastic debris is a persistent pollutant

oStudies on atmospheric plastic pollution are limited

eIntensive research on the spatial and temporal variations of plastic matter
distribution in the atmosphere is necessary

activists against plastic pollution.”” In addition, governments,
world leaders, and various stakeholders participate in
discussions, conventions, and resolutions in concerted efforts
to find a holistic solution to plastic pollution.”**’

However, despite being a half-century-old problem, it is
evident that the threat posed by plastic pollution is not abating
and remediation will require, more than ever, renewed effort
and a holistic approach with concrete commitments from all
stakeholders. Borrelle et al.'” estimated that more than 10% of
the global plastic waste generated in 2016 found its way into
aquatic environments. Moreover, they forecast that, without
immediate intervention, by 2030, the world’s aquatic environ-
ments could contain more than 80 metric ton (Mt) of plastic
debris.'” Such a volume of plastic added to the world’s aquatic
environments would displace an equal volume of water,
shrinking aquatic habitats, increasing the likelihood of floods,
and exacerbating global warming;2 these phenomena, in turn,
have countless negative consequences, such as endangering
individuals and communities, destroying properties, and
straining healthcare facilities and resources, government
budgets, and the insurance industry, demonstrating the wider
impact of plastic pollution.”™>*

Concerns regarding the mounting challenges of pervasive
environmental and biological stressors, chiefly arising from the
short- and long-term impacts of plastic pollution, have
prompted the consolidation of the efforts (and associated
financial, scientific, economic, and political resources) of
stakeholders, worldwide, in the form of a sustainable
development goal (SDG) initiative that prioritizes sustainable
and healthy earth for all.”’ Therefore, discourses on environ-
mental pollution such as plastic pollution should evaluate
challenges, possible amelioration/mitigation, or control, with
reference to the SDGs and current environmental issues.

This perspective differs from existing publications on plastic
pollution (Table 1) as it underscores key challenges and factors
hindering global efforts to mitigate the menace of plastic
pollution while highlighting various views on plastic pollution.
It also discusses important developments and initiatives, aimed
at mitigating the environmental impacts of plastic pollution,
and presents recommendations that are based on a multi-
disciplinary approach. Policymakers, stakeholders (ie. the
plastic economy value chain), and the scientific community are
alerted to the exigency of synergistically reshaping the current
plastic economy to demonstrate a commitment toward the
pursuit of green(er) plastics and support of blue sea initiatives,
focusing on sustainable solutions that address the existing and
future challenges presented by plastic pollution.

Plastics are polymeric systems (i.e., macromolecules), for
example, polyethylene, polyacrylamides, polyesters, and
polypropylene. Although plastics are generally polymers, not
all polymers are plastics, such as natural cellulose, carbohy-
drates, proteins (e.g, leather), lignin, and natural rubber
(Hevea brasiliensis). In this perspective, we consider plastic
pollutants to be polymer-based materials in the environment,
which may be plastics or not, that are potentially harmful.

2. A WORLD OF POLYMERS

We have always lived in the polymer age. Humans are
essentially polymeric, from the deoxyribonucleic acid (DNA)
that encodes our human traits to the protein that covers our
body (skin) and our keratin-laden hair. Moreover, our living,
walking polymeric forms are sustained by the polymers we
consume in the forms of carbohydrates and proteins and
protected by the polymer-based clothes we wear. Advances in
polymer science and engineering over the years have led to the
discovery and commercialization of various polymer-based

https://doi.org/10.1021/acsomega.1c02760
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systems or materials such as polycarbonates, nylons,
polyimides, polyurethanes, and liquid crystals, which have
found various domestic and industrial applications that shape
our world and advance our quality of life. Polymers feature
prominently in almost every sector of the economy, from
industries that manufacture pharmaceuticals, composites, and
tires to laboratories that perform DNA profiling for criminal
investigations by law enforcement agencies, demonstrating that
polymers and polymer science have contributed and continue
to contribute to civilization; additional examples are presented
in Figure 335738 Owing to great minds such as Hermann

Personal care e.g.
Toothbrushes.
A
Packaging industry e.g.
Ice cream containers.
Selected

Pharmaceuticals a;f:pli(l:ations
industry e.g. Drug — [RBVAES

Electronics industry
e.g. Casings for
electronic devices
such as computers
and phones.

i i Cosmetics indust
release systems. LD Leltziyy
sectors of e.g. Facial
human reconstructive
endeavours surgery.

Aviation
industry e.g.

Aeroplane
seats.

Law enforcement Automobile industry
e.g. DNA e.g. Protective seat
profiling. belts.

Figure 3. Immense contributions of polymers to human advancement
and civilization cannot be overstated; polymers feature heavily in
almost every sector of the economy.

Staudinger (1881—1965), Wallace Hume Carothers (1896—
1937), Paul J. Flory (1910—1985), and Stephanie L. Kwolek
(1923—2014) advancing the field of polymer science and
engineering, plastics are considered one of man’s greatest feats
in the field of science and technology.39’4() In 1962, Fred
Wallace Billmeyer Jr. (1919-2004) predicted that, with
advances in polymer science and engineering, plastics will
become the dominant materials of the future, surpassing steel,
aluminum, and copper.*' More than half a century later, this
prediction seems accurate as, in recent times, plastics have
outperformed competing materials, including wood, metal, and
glass, as the material of choice in diverse domestic and
industrial applications; the production of plastics exceeded 8
billion Mt between 1950 and 2015.>*

Owing to their flexibility and adaptability for various
applications, lightweight, moisture resistance, corrosion resist-
ance, and low-cost plastics are sought-after materials for
various applications. Commodity plastics such as polypropy-
lene, which is a very cost-effective polymeric material that can
be blow-molded, extruded, thermoformed, or injection-
molded, are popular for the fabrication of products such as
packaging films, plastic crates used for good transportation,
storage containers (e.g, ice cream containers and yogurt
containers), plastic caps, jerry cans, and hair combs. Other
well-known commodity plastics include poly(vinyl chloride)
(generally known as PVC and employed in piping and
insulation systems), polyethylene (generally employed in
packaging films), and poly(ethylene terephthalate) (PET;
generally employed in beverage packaging).sé’43 Since our
reliance on polymers increases in step with advances in science

and technology (e.g, robotics, artificial intelligence, synthetic
organs, insulation for energy conservation, and smart
materials), a future that is not enriched and heavily dependent
on plastics seems unlikely.**~*

3. HEALTH AND ENVIRONMENTAL ISSUES

There is no gainsaying that plastics have contributed
immensely to the rise of human civilization; however, the
distribution of plastic debris (macro-, micro-, and nanoplastics)
in the environment and its entrainment into biological systems
have become a serious issue.* Various health conditions such
as thyroid dysfunction, obesity, diabetes, and reproductive
impairment have been attributed to plastic pollution.” For
example, it has been shown that nanoplastics impact negatively
the composition and diversity of microbial communities in the
human gut, which, considering emerging research evidencing
the strong relationship between the gut and neural networks in
the brain, could negatively impact the endocrine, immune, and
nervous systems.”’ As already highlighted, pollution changes
the dynamics of systems and environments with consequential
impacts on the natural characteristics of their living and
nonliving components; thus, it is reasonable to infer that the
entrainment of nanoplastics into the human gut holds
physiological consequences. The genotoxicity of micro- and
nanoplastics to DNA has been established. It has been
demonstrated that if the plastic matter is small enough to
cross the nuclear membrane surrounding the DNA, damage
can occur, impairing the DNA structure or forming lesions,
which, unrepaired or misrepaired, can cause mutagenic
processes that are considered to play a role in the
carcinogenesis of cells. Additionally, it was found that the
type and level of damage of DNA depend on the shape,
functional groups, and chemical composition of the plastic
debris.*® The human airway is a key pathway for plastic fiber
entrainment into the lungs, and biopersistence of the fibers
depends on their length, structure, and chemical composition.
Moreover, at certain exposure limits, all plastic fibers are likely
to produce inflammation, which can lead to lung challenges
such as the formation of reactive oxygen species with the
potential to initiate cancerous growth through secondary
genotoxicity.” Although there are few studies on the extent of
the damage that prolonged exposure to plastic particles can
cause to the human body (suggesting the need to increase
research in this area), it is accepted that industry workers at
textile facilities are at a high risk of contracting occugational
diseases arising from high exposure to textile fibers.” It has
long been established that constituents of plastic packaging
chemically interact with or migrate into fat-containing foods;
typical interactions include the migration of antioxidants from
the plastic packaging into the food, sometimes bonding to the
food surface.”" Such transfer of packaging additives from the
packaging material to its food content is a potential health risk.
Furthermore, PET, a common plastic employed in the food
and beverage industry, is a source of endocrine disruptors;>”
these endocrine disruptors leach from the plastic packaging
into the consumables that it contains. Even at standard room
temperature, phthalates (potential endocrine disruptors) are
known to leach from PET Fackaging into various food contents
in the presence of water.’

The low thermal conductivities of plastic materials, although
considered advantageous in certain applications (e.g., heat
insulation),*’ contribute to global warming when these plastics
are distributed in aquatic environments; they displace equal
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volumes of water and restrict heat flow from the sun to the
aquatic environment, leading to a rise in sea levels and the
dissipation of energy into the immediate environment.” The
degradation pathways of plastics in the environment can also
contribute to environmental stress. For example, Gewert et
al.>® posited that PVC, a very unstable polymer in the presence
of UV radiation (+hv), undergoes dechlorination in the
environment, forming polyene moieties and hydrochloric
acid (HCI) in the presence of water, as shown in Scheme 1.

Scheme 1. Possible Pathway for the Photoinduced
Dechlorination of PVC in the Presence of Sunlight and
Water in the Environment”

Poyvinyl chloride (PVC)
Cl Cl
-HCl | thy
-HCl | +hv

Y

WW\/\/\,\,W

Polyene

“Reproduced with permission from Gewert, B.; Plassmann, M. M,;
MacLeod, M. Pathways for degradation of plastic polymers floating in
the marine environment. Environ. Sci.: Process. Impacts 2015, 17,
1513—1521.%* Copyright 2015, Royal Society of Chemistry, UK.

This dechlorination process and subsequent release of HCI
have the potential to contribute to the acidification of aquatic
environments by decreasing the pH level, in addition to the
acidification caused by atmospheric CO,. It has been
highlighted that increasing ocean acidity will aggravate global
warming,”**® detrimentally affecting and possibly mutating
habitats and the characteristics of various environments®**” to
seriously undermine our goal of sustainable earth for future
generations. However, a major concern must be raised at this
point: the risk posed by PVC debris on living systems. Can
PVC debris find its way into living systems? If it can, does it
follow the above-mentioned degradation pathway? If it does,
what health challenges do direct dechlorination and the
subsequent release of HCI present living systems such as
humans?

The load-bearing capacity of an environment is considered
finite and it is believed that exceeding this capacity of an

environment (and its living and nonliving components) to
tolerate stressors such as synthetic waste (e.g., plastic debris)
can result in unpredictable, possibly catastrophic, situations
owing to a butterfly effect.”

4. CHALLENGES ASSOCIATED WITH PLASTIC
POLLUTION MITIGATION

Factors militating against efforts to manage and limit the
negative environmental impacts of plastic pollution are
numerous and multifaceted; they include economic and
political factors, a lack of commitment by governments and
global plastic economy stakeholders, dissenting opinions of
scientists, and under-reported or overlooked polluters.””**~°'
Here, we highlight a few important challenges. For example, in
October 2020, it was reported that the United States generated
an estimated 42 Mt of plastic waste in 2016, of which between
0.14 and 0.41 Mt was allegedly dumped illegally into the
environment (land and water) and another 0.15—0.99 Mt was
exported to other countries such as South Africa, Indonesia,
and Mexico, where it was inadequately recycled (either burnt
or discarded in open landfill sites). It was further stated that
between 2010 and 2016, the United States was the most
significant contributor to plastic pollution in the environment,
overtaking China.”> This indicting report of a technologically
and economically advanced country such as the United States
and others®® demonstrates one of the key challenges facing
global efforts to mitigate plastic pollution, i.e., the tendency of
global powers to pass the responsibility for their generated
waste on to poorer nations, who are less equipped to recycle or
manage the waste. Hence, we contend that the issue of plastic
pollution and its mitigation strategies transcend the generally
narrow public focus on single-use carrier bags (although they
contribute to the problem) and concern powerful stakeholders
such as multinational corporations and top brands that have
the capacity (financially, politically, etc.) to undermine or
circumvent concerted global efforts to address plastic pollution.
For example, based on an audit undertaken in more than a
dozen countries, it was found that well-known global brands,
such as Coca-Cola, Nestlé, PepsiCo, and Unilever, are among
the tog sources of plastic pollution (for the third consecutive
year);** yet, there are scant reports of these brands taking
ownership of the environmental threat posed by plastic
packaging used in their products, especially in countries in
sub-Saharan Africa (e.g,, Nigeria).65

Multiple studies have demonstrated that automobile tires are
significant contributors to microplastic pollution in the
environment. For example, Kole et al.%® demonstrated that
the wear and tear of tires contribute significantly to the
entrainment and distribution of plastic particles in the
environment. They estimate the annual per capita emission
of tire particles to range between 0.23 and 4.7 kg, with a global
average of 0.81 kg. Furthermore, they contend that 5—10% of
the plastic pollution in aquatic environments is derived from
automobile tires, while 3—7% of the plastic particles in the air
that we breathe is derived from automobile tires, which is a
significant contribution to the global air burden.®® However,
they did not collate data on the amount of plastic matter,
derived from tires, that enters the food chain (through water
and air), or how much is consumed by ruminants owing to
plastic matter trapped/settled on their food sources, e.g,
grasses. Furthermore, they did not include comprehensive data
from the wear and tear of bicycle tires or tires employed in the
aviation industry since reports that quantify the contributions
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Table 2. Reports Demonstrating that Textile Fibers Contribute Significantly to Environmental Plastic Pollution

title year

Microplastics in air: Are we breathing it in? 2018

Microfibres from apparel and home textiles: Prospects for including 2019
microplastics in environmental sustainability assessment

Microplastic pollution in water and sediment in a textile industrial 2020
area

Mini-review of microplastics in the atmosphere and their risks to 2020
humans

Systematic Study of Microplastic Fiber Release from 12 Different 2020
Polyester Textiles during Washing

Microplastic fibers from synthetic textiles: Environmental 2021

degradation and additive chemical content

highlights
eOver 60 million Mt of synthetic plastic fibers were produced in 2016
eFibrous microplastic materials are constituents of outdoor and indoor air
eAirborne microfibers can be carriers of or sorbents for other pollutants
eMicroplastic fibers enter the body during inhalation

®A considerable quantity of plastic pollutants is microfibers derived from
textiles (especially synthetic fibers such as polypropylene)

eWastewater effluents contain high concentrations of microfibers
eWastewater released on soil surfaces is a source of microfiber contaminants

eMicrofibers exist in both indoor and outdoor airs, they settle on surfaces or
are inhaled

oThe industrial production facilities of synthetic textiles are primary sources
of microplastics discharged into aquatic environments

oThe processes of washing, packaging, and transporting of textile materials
contribute to plastic pollution

oThe dominant microplastic pollutant identified in this study was polyester
fibers

eMicroplastics are ubiquitous in the atmosphere
eMajor sources of microplastics in the atmosphere are synthetic fibers

oThe relative abundance of fibrous polymeric materials (polypropylene,

refs

49

82

35

S0

PET, polyethylene, etc.) in the atmosphere is high

eMicroplastic fibers are the main plastic pollutant in water resources, e.g, 77

freshwater

oThese fibers are mainly released into the environment through shedding

and washing

eAlthough repeated washing reduces the release of microfibers, the lengths

of the released fibers increase

oThe rapid degradation of polyester and polyamide microfibers occurs 83

under UV radiation in just over 10 months of significant exposure

eAdditives in synthetic fibers can potentially leach into the environment

of these categories of plastic polluters are limited. A related
study quantified the relative abundance of plastic matter (i.e.,
microplastic debris) generated by the wear and tear of
automobile tires at roadside drains and in the natural
environment near major road intersections, finding that it
ranged from 0.6 + 0.33 to 65 + 7.36 in 5 mL of sampled
material. The report also noted that plastic debris tends to act
as a vector for other hazardous systems and thus persists in the
environment with serious negative consequences.67 Owing to
increasing concerns that automobile users contribute sub-
stantially to microplastic distribution in the environment, the
Swedish Government commissioned the Swedish National
Road and Transport Research Institute (VTI) to conduct a
comprehensive study of this matter between 2018 and 2020.
The key findings of their study are summarized.”®

e At least half of Sweden’s microplastic pollution derives
from tires.

e Darticles as large as 20 ym are deposited on or near
roads and are carried off by winds to remote places. In
addition, rain or snow clean-up processes transport these
particles to other locations.

e Stormwater transports tire-based microplastics into open
waters, reservoirs, and containment areas.

e It is necessary to further investigate the transportation
and fate of these generated microplastics in sewerage
and natural organisms.

Notwithstanding the mounting evidence of tire-based
microplastic pollution, the multibillion-dollar tire industry is
resisting scrutiny of its contribution to plastic pollution and the
imposition of sanctions and regulations through the intense
lobbying of European Union (EU) lawmakers. The report
further highlighted how the tire industry commissioned and
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published no less than ten studies to counter reports revealing
the significant risk that tire particles pose to humans and the
environment;*’ again demonstrating how polluters undermine
efforts to mitigate the plastic pollution caused by their
products. In addition, several studies have argued that because
tire particles contain toxic substances, such as polycyclic
aromatic hydrocarbons (phenanthrene, butylated hydroxyani-
sole, 2-methylnaphthalene, etc.) that are considered to pose
serious health risks to living systems,70’71 their distribution in
the environment should not be trivialized.

Another factor limiting efforts to mitigate plastic pollution is
the dissenting opinions and counteropinions held by scientists
on various aspects of plastic pollution, e.g., sources, risk
assessment, and toxicology. For example, Stafford and _]ones72
opine that addressing plastic pollution, such as ocean plastic
pollution, is less pressing than addressing other environmental
challenges such as climate change and biodiversity loss. They
insist that emerging reports highlight the exigency of directing
global efforts toward mitigating carbon emissions rather than
expending energy on lesser threats, such as marine plastics.
They further suggest that although ocean plastic pollution is a
problem that needs attention, it does not pose an immediate
ecological or toxicological threat at a planetary boundary level
(i.e., the threat posed by plastic pollution is contextually less
pressing than the threats posed by climate change and
biodiversity loss that have long exceeded core planetary
boundaries).”” However, Avery-Gomm et al.”* have challenged
the position of Stafford and Jones,”* arguing that global threats
must continually be kept in perspective because undermining
one threat by substituting it with another so-called “heftier”
threat would be counterproductive in the global pursuit of
sustainability. In their concluding remarks, they posit that the
continuous discourse on plastic pollution has informed the

https://doi.org/10.1021/acsomega.1c02760
ACS Omega 2021, 6, 19343-19355


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c02760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

improvement of the monitoring and risk evaluation of plastic
pollution, as well as the development of frameworks for
mitigation and remediation.”® Elsewhere, an environmental
toxicologist and risk assessor has argued that microplastics in
marine and freshwater ecosystems do not pose any threat to
the aquatic habitat as long as these pollutants are in low
concentrations, despite the contradictory views of fellow
scientists, referring to the threat posed by microplastics to
aquatic habitats as a superficial risk.”* However, this trivial-
ization of the threat posed by plastic pollution on not only
aquatic habitats but also terrestrial and arboreal environments
is strongly rejected by Hale,” who insists that there is no basis
to downplay the threat posed by plastic pollution to aquatic
habitats. Hale contends that, in addition to plastic particle size,
assessments of the toxicological impacts and consequences of
plastic pollution in any given environment must consider the
chemical compositions of the polymeric materials employed in
the manufacture and production of the plastic materials; the
shapes, surface areas, density, and persistence of the plastic
particles; as well as the effects of additives (e.g., modifiers) and
even sorbed pollutants (e.g, carriers and/or transfer agents).75
Hale’s position is supported by Kramm et al,,’® who add that
plastic pollution is a prototypically global and complex
anthropogenic issue. They hold that a reductionist approach
to addressing a serious environmental issue such as that
presented by plastic pollution is detrimental to mitigation
efforts. Moreover, they consider it high time that the scientific
community takes responsibility for the environmental prob-
lems resulting from the work and inventions of scientists rather
than trivializing or shirking responsibility.”® Although some
scientists may want to trivialize the threat of plastic pollution, it
is generally accepted that any substance or energy can become
toxic and environmentally disruptive at sufficient concen-
trations.® The fundamentally different opinions of scientists are
a key challenge to forging cooperation; after all, a house
divided against itself cannot stand. Such differences also
convey disunity and present avenues or opportunities for
plastic polluters to exploit, to avoid responsibility, to the
detriment of the environment and, by extension, humanity.

Studies have evidenced that textiles and fibers are major
contributors to the plastic materials that entrain into human
lungs, food, and the environment (Table 2).""7 However,
because clothing is a primary human need, the textile industry
directly and indirectly employs more than 100 million people
globally and is a significant contributor to the gross domestic
product (GDP) and economic growth of various nations.”>””
In this context, addressing the plastic pollution resulting from
the use of textiles and fibers is a challenge since any approach
will have consequences (whether that approach involves
banning the use of textiles and fibers or mitigating their
contribution to plastic pollution as much as possible). Figure 4
shows how much textile lint accumulates in the lint trap of a
commercial dryer in a laundry house. This commercial dryer
features a trap that prevents lint from escaping; however,
washing machines and dryers that do not feature appropriate
filtration systems release significant volumes of textile fibers
into the environment.

Moreover, considering that most polymers employed in the
manufacturing of synthetic fibers and textiles are derived from
petroleum and fossil-based resources, plastic pollution
mitigation becomes a challenge (especially for oil-dependent
economies) when balancing economics and politics.*”"'

Figure 4. Lint accumulation from a winter blanket in a commercial
dryer. (A) Winter blanket loaded inside a commercial dryer. (B)
Accumulation of lint inside the lint trap during the drying of the
blanket. (C) Unweighed lint accumulated in the lint trap from the
winter blanket after a single dry cycle. Photo Credit: First author
(AOCI).

Products and polymer-based articles, such as toothbrushes,
shoes (materials or soles may be made from plastics), insulated
electrical cables and equipment, light switches, writing pens
(i-e., plastic cases), writing and printing inks (employ
polymeric systems such as drag-reducing agents and stabil-
izers), mattresses, wigs and artificial hair (usually derived from
high-performance polymers), artificial nails (e.g,, acrylics),
kitchen wipes (composed of microfibers), automobile paints,
phone casings, computer casings, plastic wristwatches, and
marine paints, are usually overlooked or underestimated as
significant contributors to plastic pollution. Collectively, the
“insignificant” contributions of these products or articles to
plastic pollution, owing to poor disposal or through the process
of wear and tear/degradation, is less insignificant. Notwith-
standing, several reports focus on single-use plastic carrier bags
as the primary plastic pollutant menacing our environ-
ment.**® While we do not fault the positions held by these
scientists, we argue that almost everyone releases plastic matter
into the environment on a daily basis, e.g, through the
shedding of textile fibers from our clothing. Hence, a more
holistic approach to the management and control of plastic
pollution is necessary to realize a sustainable environment. A
small leak will sink a great ship; hence, we must beware of the
plastic fibers that billions shed from their clothes daily or that
is derived from insignificant contributors. It is our opinion that
most people have little or no idea that their footwear (made
from polymeric materials) also contributes to plastic pollution
in the environment through wear and tear. As people tread on
road surfaces, these surfaces abrade their footwear and
accumulate plastic particles, which are subsequently washed
away by rain into open waters. Furthermore, reports on the
contributions of automobile and marine paints/coatings to
plastic pollution through wear and degradation are limited. We
submit that the contributions of automobile and marine
paints/coatings to plastic pollution must be analyzed and
quantified, as they represent potential secondary or primary
sources of micro- and nanoplastic stressors in the environment.
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Moreover, the advanced paints and coatings (e.g., anticorrosive
paints and coating)**®” that scientists and technologists are
developing may pose additional environmental challenges
when such materials leach, degrade, or form sediments in
particular environments. It is worth noting that during the
environmental degradation of paints and coatings, sorbed
pollutants or additives may combine with biogenic systems and
unpredictably alter living and nonliving systems in the
environment. These plastic pollutant sources are usually
overlooked or understudied, resulting in a knowledge gap
that must be addressed to formulate a holistic approach to the
management and control of plastic pollution in various
environments.

5. OPPORTUNITIES

Evidently, plastic pollution is a global challenge, and, as has
been demonstrated, it meets all of the criteria of an
environmental hazard for both the living and nonliving
components of the environment. It is also apparent that a
plastic-free future is unlikely despite the threat plastic pollution
poses to the environment”® In addition, emerging data
indicate an increase in global plastic pollution owing to the
demand for personal protective equipment,””® such as
facemasks, to limit the spread of COVID-19. Besides, even if
we were to ban the production and use of plastics, we would
still need to address the plastic pollution currently present in
our water, atmosphere, soil, consumables (e.g, table salts), and
even vegetation (e.g, wheat and lettuce).”””"* Hence,
concerted global efforts are required to mitigate, manage,
and control the current and possible future threats plastic
debris distribution in the environment poses to its living and
nonliving systems. Fortunately, various courses of action can
be taken to realize this goal.

5.1. Plastic Education in National Curricula. Because
prevention is better than cure, environmental responsibility
and sustainability must be taught (formally and informally)
from childhood, be it at home or in religious or formal
education settings, to instill an appreciation of life and the
environment. Such an educational approach is comparable to
comprehensive sex education (CSE) that forms part of school
curricula and teaches students life skills that enable them to
make appropriate and healthy choices concerning their sexual
lives.” We hold that incorporating plastic education into the
national curricula is critical to mitigating, managing, and
controlling plastic pollution and fostering sustainability.”* We
have enumerated elsewhere” the opportunities a plastic
education curriculum presents. Hence, we support the call by
the comity of nations for a global curriculum on plastic
pollution, taught from kindergarten to the tertiary level, that
addresses existing and emerging environmental and sustain-
ability goals and objectives. For example, it has been
established that handwashing clothes limits the amount of
plastic fibers that ends up in the environment and prolongs the
life span of fabrics. Although most people would consider using
washing machines to do their laundry, a greater understanding
of the limitations of these conveniences in mitigating plastic
pollution may change behavior. It is believed that one of the
reasons plastic pollution persists is the disconnect between
scientific knowledge and the formative knowledge of the
population. The population should be equipped with sufficient
knowledge concerning the dangers and detrimental impact of
plastic pollution (i.e., heightened risk awareness); instilling this
risk awareness through formative education from childhood

will promote the acceptance and support of policies and
initiatives formulated to mitigate plastic pollution.

Religious and cultural institutions must actively participate
in educating society on the value of sustainable earth and
environment. It has been observed that culture, tradition, and
religion all overwhelmingly influence the psyche, politics,
emotional intelligence, and approach to life of individuals;”*”°
hence, addressing a global issue such as plastic pollution
requires a rethink of our educational systems and the roles they
play in promoting a sustainable environment. Human
behaviors are ranked as some of the main challenges to
addressing environmental issues; however, educational,
religious, cultural, and traditional organizations can influence
the attitudes and behaviors of their members in terms of
environmental issues and are best placed to convince the
population of the dire need to manage and control plastic
pollution through behavioral change and ethical best
practice.z’97

Furthermore, global education systems should place greater
emphasis on “responsible science”, where every scientific
pursuit considers the environment to avoid engineering our
own destruction. Scientists must understand that sustainability
is their core mandate and must take ownership of the
environmental challenges in which they are complicit. We
believe that the formal and informal education sectors are
critical to achieving the SDGs™ and posit that plastic pollution
mitigation, management, and control can only be achieved
through the cooperation of all stakeholders, i.e., every human
on the earth, for divided we fall. In closing, we emphasize that
incorporating plastic education in national curricula to increase
risk awareness is an opportunity that should not be
squandered.

5.2. Green(er) Alternatives. We have previously men-
tioned that for a material to be considered green or eco-
friendly, the effect of its intrusion or degradation in any given
environment should either be neutral (have no net effect) or
positive (energy-efficient, easily recyclable or reusable, etc.). In
our view, the concept of “green plastics” should, in addition to
biodegradability, encompass biocompatibility as well as a net
neutral or positive impact on the environment. Hence, a “green
plastic” should be an alternative polymeric material with
properties or characteristics that are comparable or superior to
those of conventional polymeric materials but that demon-
strates less environmental impact. Such plastics can be
biobased or fossil-based materials.” There has been an
increasing and persistent call for rethinking the plastic
economy in terms of the future of the environment; the
sustainability of civilization; and the pursuit of green(er)
chemistry, sustainable chemicals, and a circular economy.””~'**
Consequently, research that explores green(er) alternatives to
conventional plastic materials has increased. For example, on
June S, 2014, Avantium (https://www.avantium.com/)
Technologies, headquartered in Amsterdam (The Nether-
lands), reportedly reached an agreement with international
brands, such as Coca-Cola, Danone, Swire, and others, to
produce packages exclusively from 2,5-furandicarboxylic acid
(FDCA), a carbohydrate-based material, industrially known as
poly(ethylene furanoate) (PEF), which affords many advan-
tages over fossil-based PET, the dominant plastic material
employed industry-wide in beverage packaging.'”” The
advantages of PEF over PET include a higher gas barrier and
better water, thermal, and tensile properties.'®"
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In recent years, a myriad of green(er) plastics with the
potential to replace conventional plastics in various domestic
and industrial applications has emerged. For example,
nanocellulose has recently gained prominence as a versatile,
benign, ubiquitous, and sustainable material that can be
modified, spun, drawn, molded, and even cast, finding
applications in almost every economic sector and replacing
plastics and other conventional materials such as steel.'”* In
addition to its abundance, nanocellulose has been demon-
strated to represent a green(er) alternative to plastics used in,
among others, the packaging industry, membrane fabrication,
and composites with properties and characteristics comparable
to and even exceeding those of conventional plastics in terms
of resilience, lightweight, and strength.m5 As nanocellulose
research and development advances, it is hoped that
nanocellulose will replace conventional plastic materials in
many domestic and industrial applications to promote our
SDGs. The increasing number of green(er) alternatives to
conventional plastics, such as DNA biodegradable materials,'*°
lignin biodegradable and biocompatible composite films,'"”
chitin biocompatible and biodegradable plastics and fi-
bers, %51 biocompatible and nontoxic plastics derived from
lactic acid,"'’ is a testament to the promising technologies
available to mitigate plastic pollution. In a yet-to-be-published
work, we demonstrate that bamboo straws are not only
green(er) than plastic straws but also sustainable and do not
negatively impact the environment. We also posit that other
green(er) articles, such as tires, shoes, and clothing, may
become possible in the near future with concerted effort and
political will.

5.3. Revision of Extended Producer Responsibility
(EPR). As previously noted, in too many cases, the cost of
pollution is considered tolerable in terms of a narrow cost—
benefit analysis; thus, the negative impact of plastic pollution
on, among others, our ecosystem and health, with a cost of
more than USD 2 trillion per annum is usually under-
reported.””'"" Moreover, because most of the plastic debris
generated inland generally finds its way into aquatic
ecosystems, the oceans are one of the environments worst
hit by plastic pollution, with an estimated impact of over USD
1 trillion per annum in terms of the loss in ocean
productivity.''> As pointed out by Forrest et al,*” the current
extended producer responsibility (EPR) and other plastic-
related laws must be reviewed to reflect the exigency of the
threat posed by plastic pollution; moreover, “voluntary”
financial contributions from entities throughout the value
chain of the plastic economy would generate considerable
funds for innovative waste management schemes and environ-
mental remediation. The goal of a circular plastic economy will
remain elusive unless processes and technologies exist that
ensure that the recycling of waste plastic is economically
viable;*” to promote the realization of a circular plastic
economy, such technologies and processes must not only be
cost-competitive but also enable the production of high-purity
monomers (that are comparable to virgin resins) from waste
plastic recovered from the environment."'”"'* As long as
plastic recycling is disincentivized by its high cost, realizing and
sustaining a circular plastic economy will be expensive, which is
one of the major reasons that stakeholders in the plastic
economy value chain have not fully embraced the concept of a
circular plastic economy despite the recognized benefits.'"
Furthermore, we suggest that tariffs and levies on reclaimed or
recycled plastic goods and materials should be reviewed
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throughout the value chain to promote their economic viability
and enable them to compete with products produced from
virgin resins, thus encouraging businesses to engage in
environmental remediation. In addition, policies should be
formulated to encourage consumers to use reusable and
recycled products, thus incentivizing the reclamation of plastic
wastes.

Elsewhere, we have argued2 that despite the potential
benefits of a circular economy, such as job creation,
infrastructure development, and a low-carbon economy, we
do not foresee the realization of a sustainable circular plastic
economy without the cooperation of policymakers, govern-
ments, and the population. Hence, the synergistic cooperation
of all stakeholders is imperative to plastic pollution mitigation.

6. CONCLUSIONS

Pollution is a global phenomenon and no nation or continent
is immune to its negative environmental impact. Plastic
pollution, in particular, is hazardous to the living and nonliving
components of the environment. The negative impact of
macro-, micro-, and nanoplastics on the environment and
living organisms results from a combination of inherent
characteristics and toxicity, the leaching of additives or
constituent compounds, and the release of persistent sorbed
pollutants. Although studies concerning the impact of plastic
matter on various ecosystems, such as soil and air, are limited,
the available literature demonstrates the exigency of revisiting
the entire plastic economy value chain to ensure a sustainable
environment.

To meaningfully address this global challenge, the scientific
community must take ownership of the environmental
challenges in which it is complicit as well as a remedial action.
The political will of governments, cooperation of stakeholders,
and determination of the population are imperative to the
success of plastic pollution mitigation. Although plastics have
contributed immensely to the progress and advancement of
our civilization, we must ensure that posterity inherits
sustainable earth. The time for action is now.

7. FUTURE PROSPECTS

Plastic pollution is a global phenomenon that exacerbates
global warming and flooding and must be mitigated to achieve
environmental sustainability. While plastic pollution presents a
serious environmental threat, numerous opportunities exist
that can be harnessed to mitigate, manage, and control this
global problem. However, our understanding of plastic
pollution is incomplete and further investigation is required
to fully elucidate this problem. For example, studies on the
accumulation of plastic debris as sediment in water beds (e.g.,
ocean floors), as a result of the phenomenon of convergence
caused by the persistent directional flow of surface water, need
to be investigated. We argue that (with the exception of
polyethylene, polypropylene, and expanded polystyrene) a
significant portion of plastic debris, such as polyesters, rubber
particles, polyurethanes, PET, poly(vinyl chloride), linear low-
density polyethylene, and high-density polyethylene, with
specific gravities exceeding 1 g/cm’, sink to the bottom of
the oceans. It is necessary to investigate whether these plastic
particles undergo biodegradation and are biocompatible with
the life forms inhabiting the ocean floors. The degradation
pathways or processes of these plastic materials in the absence
of light and oxygen, which are the conditions that exist at
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ocean floors, must be determined. Do these plastic materials
resist anaerobic degradation processes on the ocean floor?
What is the impact of free volume or molecular impermeability
on the chemical and biological resistance of these plastics? The
composition of ocean beds is not easy to study; however,
modified nuclear microscopy and micro-Fourier transform
infrared (FTIR) mapping may facilitate such investigations. In
addition, understanding the degradation pathways of nano-
plastics may reveal ways to break plastic materials down into
their constituent chemical compounds that can be captured
and reused.''® It is, furthermore, necessary to elucidate the
biochemical kinetics and interactions of polymeric systems
(e.g., plastic and rubber), their degradation pathways in living
systems, the possible risk they pose to living organisms, and
their potential to cause living cell mutations and physiological
changes. Finally, facile and inexpensive sensors must be
developed to monitor our consumables, such as food and
water, for plastic debris. A real-time monitoring system of
water distribution networks would enable governments to
protect water resources and the health of their populations by
preventing people from ingesting harmful amounts of plastic
materials. However, what amount of plastic constitutes a
harmful amount of plastic for an average human is unclear.
Perhaps medical science can determine this amount.
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